Measuring volcano deformation is key to understanding the behaviour of erupting volcanoes and detecting those in periods of unrest. Satellite techniques provide the opportunity to do so on a global scale but, with some notable exceptions, the deformation of volcanoes in the tropics has been understudied relative to those at higher latitudes, largely due to technical difficulties in applying Interferometric Synthetic Aperture Radar (InSAR).
We perform a systematic survey of the Central American Volcanic Arc to investigate the applicability of Interferometric Synthetic Aperture Radar (InSAR) to volcanoes in the tropics. Volcano characteristics that may prevent InSAR measurement include: (1) dense vegetation cover; (2) persistent activity; and (3) steep slopes. Measurements of deformation are further inhibited by atmospheric artefacts associated with: (4) large changes in topographical relief. We present a systematic method for distinguishing between water vapour artefacts and true deformation. Our data show a linear relationship (c. 2 cm/km) between the magnitudes of water vapour artefacts and volcano edifice height. For high relief volcanoes (e.g. Fuego, Guatemala, 3763 m a.s.l. (above sea level)) errors are of the order of 4-5 cm across the volcano's edifice but are less than 2 cm for lower relief (e.g. Masaya, Nicaragua, 635 m a.s.l.). Examples such as Arenal, Atitlan and Fuego illustrate that satellite acquisition strategies incorporating ascending and descending tracks are particularly important for studying steep-sided volcanoes.
Poor coherence is primarily associated with temporal decorrelation, which is typically more rapid in southern Central America where Evergreen broadleaf vegetation dominates. Land-use classification is a better predictor of decorrelation rate than vegetation index. Comparison of coherence for difference radar wavelengths match expectations; high resolution X-band radar is best suited to local studies where high-resolution digital elevation models (DEMs) exist, while L-band wavelengths are necessary for regional surveys. However, this is the first time that relationships between phase coherence and time, perpendicular baseline, radar wavelength, and land use have been quantified on the scale of a whole volcanic arc.
Interferometric synthetic aperture radar has been used to detect and measure deformation at over 70 volcanoes worldwide since the 1990s (Fournier et al. 2010) . A variety of different types of deformation have been observed using InSAR surveys, including the movement of magma during co-eruptive deformation (e.g. Lu & Dzurisin 2010) or intrusive processes (e.g. dyke and sill intrusion: Hamling et al. 2009; Biggs et al. 2010) , as well as a variety of shallower surface processes. These include hydrothermal activity (Pritchard & Simons 2004) , slow edifice subsidence (Ebmeier et al. 2010 ) and lava flow contraction (Stevens et al. 2001 ). Regional-scale surveys have detected magma movement at volcanoes previously thought to be quiescent (e.g. on the East African Rift: Biggs et al. 2009 ) and at locations not obviously associated with a particular volcanic edifice (e.g. the central Andes: Pritchard & Simons 2004) .
However, the global distribution of InSAR measurements of volcano deformation is currently uneven, due, in part, to the differences in radar returns from different types of land surface. The majority of radar satellites have operated at C-band wavelengths, l ¼ 5.6 cm, which is known to be affected by vegetation cover. This is a particular problem in the tropics where dense, rapidly growing evergreen vegetation is especially prevalent and causes a high rate of change in surface scatterer properties and therefore rapid decorrelation. This has presented significant obstacles for some C-band studies of volcano deformation in the tropics (Zebker et al. 2000; Stevens & Wadge 2004; Pinel et al. 2011) . In recent years, this problem has been addressed to some extent with the launch of the Japanese satellite, ALOS, in 2006 , which operates at L-band (l ¼ 23 cm) wavelengths. L-band radar penetrates dense vegetation so that the radar returns come from more stable scatterers on the ground surface. ALOS (Advanced Land Observing Satellite) data have allowed the first InSAR measurements at many volcanoes in the Caribbean, northern Andes, Indonesia and Central America Ebmeier et al. 2010; Fournier et al. 2010; Parks et al. 2010 Q2 ; Philibosian & Simons, 2011) . Nonetheless, since the C-band archive stretches back to 1993 while ALOS was only launched in 2006, heavily vegetated volcanoes, many of which are in the tropics, have been understudied relative in drier regions.
Many of the world's active volcanoes are in the tropics and have little or no coverage by groundbased geodetic measurement (e.g. Fournier et al. 2009 ), so that InSAR observations may be the only available method for assessing and monitoring their geodetic activity and the related volcanic hazard. It is therefore important from both hazard mitigation and satellite design perspectives to quantify the applicability of InSAR to tropical volcanoes.
In this study we explore the factors that affect the measurement of volcano deformation in the tropics using InSAR, drawing on examples from an L-band survey of the Central American Volcanic Arc (CAVA) between 2007 and 2010. Some of these factors apply globally (e.g. DEM quality) while others (water vapour variations, vegetation) are of particular concern at tropical volcanoes. We start by discussing the most significant issue, namely stratification and the variability in tropospheric water vapour concentration (see the section on 'Tropospheric water vapour' later), which creates artefacts over topographical peaks. Although such atmospheric artefacts are found at volcanoes across a wide range of latitudes, the significantly greater variability in water vapour concentrations in the tropics make them an extreme case. In the section on 'Limitations of global DEMs and mitigation' we discuss artefacts associated with the use of global DEMs in the section on 'Geometric distortion and optimal acquisition strategy', geometric distortion effects. In the section 'Coherence in Central America' we discuss patterns in phase decorrelation rates across the arc, and their relationship to vegetation indexes and land-use classifications, and compare the usefulness and coherence of C-, L-and X-band SAR for a case study volcano, Arenal. The significance of the lack of observations of volcano deformation in Central America in relation to uncertainties in InSAR measurement and to tectonic setting is beyond the scope of the current study and is the focus for future work (Ebmeier et al. in prep Q3 ) .
InSAR
Repeat pass InSAR produces maps of phase change (interferograms) between two time-separated radar images from which the movement of the ground can be measured on the scale of millimetres to tens of centimetres (Massonet & Feigl 1998; Bürgmann et al. 2000) . Phase shifts in an interferogram are caused by changes to satellite viewing geometry (satellite position and relative rotation of target between acquisitions, DF spatial ), instrument thermal noise (DF thermal ), radar path through the atmosphere (DF atm ) and backscatter from the ground surface. Changes at the Earth's surface capable of introducing phase shifts to an interferogram include deformation (DF def ), systematic changes to dielectric properties (e.g. due to moisture or thermal expansion/contraction, DF ground ) and changes to scattering properties within a pixel (DF pixel ). The scattering properties of a pixel are determined by the combination of radiation reflected or scattered from numerous objects, so that it has the appearance of random noise and cannot be predicted in practice.
Interferometric measurement of surface deformation (DF def ) is possible either when other sources of phase shift are relatively small or are constant over large areas.
The coherence of a pixel is usually described in terms of interferometric correlation (A Q4 ), which is defined for each pixel using the phase values of both images (y 1 and y 2 ) across a square of at least 3 × 3 pixels (Equation 2). A value of 1 indicates identical phase for all pixels. When interferometric coherence tends to 0, each pixel response is independent (Seymour & Cumming 1994; Hanssen 2001) :
Interferometric decorrelation is caused by changes in satellite position (geometric decorrelation), instrument properties (thermal decorrelation) and in surface scatterer characteristics (temporal decorrelation) (for further details see Zebker & Villasenor 1992) . Geometric decorrelation occurs where the radar wavelength is less than the difference in path length between radar returns from opposite sides of a pixel, and is most pronounced at large baselines. Thermal decorrelation occurs when the behaviour of the satellite radar antenna varies over time. Temporal decorrelation is caused by scatterers within a pixel moving or changing their reflective properties. For satellite incidence angles of less than 458, InSAR is more sensitive to vertical than horizontal changes to scatters, so that surfaces where volume scattering is significant (e.g. forests, dense vegetation) are expected to decorrelate more rapidly with time (Zebker & Villasenor 1992) . Precipitation, wind and ecological processes have all been observed to contribute to temporal decorrelation (Ahmed 2011 Q5 ).
InSAR archive: the Central American Volcanic Arc
The Central American Volcanic Arc stretches over 1100 km from northern Guatemala, through El Salvador and Nicaragua to central Costa Rica, and is associated with the subduction of the Cocos Plate beneath the Caribbean Plate ( Fig. 1 ). It is made up of 72 volcanoes, spaced at an average of approximately 25 km along the arc (Carr 1984) , of which 26 are historically active. Interferograms were produced from ALOS data between 2007 and 2010. All interferograms were constructed using the Repeat Orbit Processing software (ROI PAC) developed at Caltech/JPL (Rosen et al. 2004) with topographical correction made using NASA's Shuttle Radar Topography Mission (SRTM) 90 m DEM. Unwrapping was carried out using a branch-cut algorithm (Goldstein et al. 1988) with corrections made manually. The volcanoes were covered by an average of 15 ascending interferograms, with a few supplementary descending interferograms constructed where the ascending data were ambiguous ( Fig. 1 ). We were able to make geodetic measurements at 18 (Santa Maria (Santiaguito), Almolonga, Atitlan, Acatenango, Fuego, Pacaya, Santa Ana, Izalco, San Salvador, San Miguel, San Cristobal, Telica, Cerro Negro, Las Pilas, Momotombo, Masaya, Arenal and Poàs) of Central America's 26 active volcanoes and to characterize the associated uncertainty for each.
Tropospheric water vapour

Water vapour characteristics
In order to convert the observed phase changes to measurements of displacement, it is assumed that radar propagates at a constant velocity. This would be reasonable for free space, where phase is dependent only on radar wavelength and path length, but introduces errors where there are significant spatial and temporal heterogeneities in the atmosphere. The effective path length actually depends on temperature, pressure and partial pressure of water vapour between satellite and ground surface, and is separated into 'wet' and 'hydrostatic' delays, caused by water vapour and hydrostatic pressure respectively (Bevis et al. 1992; Hanssen 2001) . Water vapour artefacts in interferograms depend on the difference between atmospheric conditions on the two dates when Synthetic Aperture Radar (SAR) data were acquired. Variations in water vapour (e.g. 10 cm path delay for a 20% change in relative humidity) are expected to produce larger path delays than hydrostatic pressure (2.3 mm path delay expected for change from 0.5 to 1 mb) (Zebker et al. 1997) .
The spatial and temporal characteristics of the atmospheric artefacts depend on the distribution of water vapour in the troposphere. Where water vapour is mixed turbulently, it exhibits spatial correlation over length scales typically of the order of 10 km (e.g. Hanssen 2001; Jónsson et al. 2002 Lohman & Simons 2005 , shows minimal or no correlation with topography and has a typical variability of 1 cm (e.g. Pritchard & Simons 2004) . Large, steep volcanoes are commonly associated with both local turbulence on much smaller spatial scales and systematic features in atmospheric mixing caused by high topography (e.g. Webley (2004) ).
Vertically stratified water vapour in the troposphere results in low-magnitude slant range path delays over high topography and higher, more variable path delays over low topography (e.g. Pavez et al. (2006) ). The resulting artefacts in an interferogram correlate with topography, and appear as concentric fringes around topographical peaks ( Fig. 2 ). As we may expect volume change of a subedifice magma chamber to produce a similar phase pattern, centred over the volcanic edifice (e.g. as observed at Etna: Beauducel et al. 2000) , it is particularly difficult to distinguish between these two effects.
In equatorial zones, seasonal variations in water vapour are largely controlled by the north-south migration of the intertropical convergence zone (ITCZ), producing some of the greatest variations in water vapour globally. Radar path delays of up to 11, 8 and 6 cm have been measured at Mount Cameroon (Heleno et al. 2010) , Sakurajima, Japan (Remy et al. 2003) , and Soufrière Hills, Montserrat (Wadge et al. 2006) , respectively ( Table 1) . and phase (for stratified water vapour); (b) an association of the signal with particular acquisition dates; and (c) either the lack of any dependence on time (turbulent water vapour) or a seasonal dependence (stratified water vapour) of signal magnitude ( Fig. 3 ). Water vapour artefacts are identified using a combination of these properties, as well as through the use of independent atmospheric data or models (examples from the literature are shown in Table 1 ).
Identification of atmospheric artefacts
A correlation between height of topography and phase in an individual interferogram is indicative of the presence of water vapour (e.g. Fig. 4 ) but is not necessarily diagnostic. The injection or drainage of a body of magma within or just below a volcanic edifice could conceivably create a similar pattern in phase. However, where a number of topographical peaks in the same interferogram show similar phase patterns, they are most probably caused by atmospheric delay.
Analysis of the temporal development of phase through a set of interferograms provides further evidence to distinguish between atmospheric artefacts and true deformation. The method of 'pairwise logic' (e.g. Massonnet & Feigl 1995) compares pairs of interferograms that have a common date in master and slave positions. If artefacts of a similar magnitude and spatial pattern but opposite sign appear, then the artefact can be associated with the SAR acquisition date held in common. Two examples of such pairs from Momotombo Volcano, Nicaragua are shown in Figure 5 . Although this method had the advantage of simplicity, it is only reliable where atmospheric conditions are relatively stable and unusual phase delays are associated with a small number of acquisition dates.
At the sampling rate of a satellite repeat intervals, we expect the temporal signal of atmospheric water vapour to be either structureless, with a random variation in phase between relatively constant bounds, or to vary with the period of a year as a function of seasonal variations in water vapour (e.g. Heleno et al. 2010) . Creating time series of interferometric phase (e.g. Lundgren et al. 2001 ; 234  235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290 Berardino et al. 2002) is a useful tool when dealing with situations where atmospheric effects seem to dominate the majority of interferograms. Longterm, steady-rate deformation may be detectable in this way (e.g. Ferretti et al. 2001) , but reversible deformation (where net deformation over longer time-span interferograms will be zero, as the ground returns to its original position) may be missed.
InSAR only provides relative measurements, as phase changes are always found relative to a reference point. While for volcanoes it is generally possible to select a reference far away from any deformation source, it is very difficult to avoid the effects of local atmospheric variation. If a reference pixel is selected over an area where atmospheric variation differs to that over the volcano, local differences in atmospheric delay are likely to dominate time series and mask any deformation.
We avoid this problem by referencing our interferograms to the average value of phase within an annulus centred on the volcano, thus minimizing the impact of small-scale variations in atmospheric noise in other parts of the interferogram on our time series. Reference annuli typically had inner radii of 2-6 km (large enough to encompass entire edifice and surrounding topographical features) and outer radii with limits defined by either the edge of the interferogram or (more commonly) the limit of the continuously coherent area. The difference between the mean height of topography within this area and the volcano summit was generally close to the volcano edifice height.
Water vapour in Central America
We use the characteristic properties described above and the processes outlined in Figure 3 to identify atmospheric water vapour in the Central American dataset. We constructed time series for active volcanoes in Central America using a linear least squares inversion of the phase changes from a network of interferograms (e.g. Lundgren 2001 Q6 ; Schmidt & Bürgmann 2003) . Inversion was carried out with a generalized inverse matrix using singular value decomposition and solving for velocity (e.g. Berardino et al. 2002) , rather than displacement, to avoid 292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347 348 Pritchard & Simons (2004) 350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406 unrealistic discontinuities. This problem is commonly rank deficient where there are subsets of interferograms that do not hold an acquisition in common. We therefore solve for velocity relative to the first date, which we explicitly define as showing no deformation.
We find the root mean squared (r.m.s.) variation of the time series after the removal of any linear trend. The r.m.s. variation of the remaining signal is used as an indicator of the average magnitude of atmospheric delay at each volcano, and will not be affected by steady deformation signals at any volcanoes that are deforming (e.g. Arenal). The residual appears random with no systematic seasonal or similar trend. Root mean squared variation shows a linear relationship with the difference in topographical height between the edifice and the mean height of the reference annulus ( Fig. 6 ). Excluding one outlier (Santa Ana, El Salvador) the time series r.m.s. variation increases with height difference between the edifice and reference annulus with a best-fit gradient of 2 cm/km height difference (Fig. 6 ). The high value at Santa Ana is thought to be associated with an unusually large 409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435  436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463  464 topographically correlated phase in one interferogram (Track 171, 9 March -9 September 2009 ) and the removal of this interferogram from the time series reduces r.m.s. variation at Santa Ana to 3.8 cm, well within the normal distribution. There are no similar features in other interferograms for Santa Ana, and the time series is otherwise very similar to that for nearby cinder cone Izalco ( just under 5 km south of Santa Ana).
This relationship between volcano edifice height and magnitude of atmospheric phase artefact has implications for the uncertainties of InSAR measurements at different volcanoes. For transient deformation (taking place over a period greater than the satellite repeat time) to be distinguishable from normal atmospheric variation at a volcano of edifice height exceeding 2000 m (e.g. Fuego), it must exceed about 4 cm, while we may be able to detect much lower magnitude deformation (.1 cm) at low-relief volcanoes (e.g. Masaya). Although not possible with this dataset, if the interferograms were limited to those from the same season (e.g. winter-winter or summer-summer), we hypothesize that the relationship between topographical height and atmospheric variation might be weaker.
Potential for mitigation of atmospheric effects
Several methods have been proposed (such as stacking, empirical corrections, external data and models) by which atmospheric artefacts can be reduced or removed (e.g. Hanssen 2001; Remy et al. 2003; Li et al. 2005 Li et al. , 2006 Wadge et al. 2006) . In this subsection, we outline each method and assess its applicability to the volcanoes of Central America.
As turbulent water vapour artefacts are essentially random in time, stacking a set of 466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522 interferograms together will increase the signal to noise ratio. For deformation of a constant rate, a standard stack composed of N interferograms of equal time span will increase the signal noise ratio by N √ , whereas a chain stack (where interferograms span consecutive periods of time) will increase the signal to noise ratio by a factor of N, as the atmospheric components on each slave image will cancel with the master of the subsequent image (Biggs et al. 2007 ). However, the improvement in signal to noise ratio is achieved at a loss of temporal resolution, and is therefore better suited to studying long-term rather than transient volcano deformation events.
Empirical corrections for stratified water vapour can be made on the basis of correlations between phase and topography. This is most robust for very large datasets with high temporal repeatability, so that analysis of phase -topography correlations for a set of interferograms can be used to make adjustments to the network of interferograms (e.g. Beauducel et al. 2000; Remy et al. 2003) . Alternatively, where the area of deformation is already well constrained by other data sources, topographically correlated fringes can also be removed from individual interferograms by solving for a best-fit relationship with topography, sometimes treated as linear (e.g. Wicks et al. 2002) , but shown to be better approximated by a non-linear model for steep volcanoes (Remy et al. 2003) . Recent studies have used band-pass decomposition (Lin et al. 2010 ) and wavelet analysis (Shirzaei & Bürgmann 2012) to find the relationships between topography and phase for different components of an interferogram.
Other approaches applied to correcting the effects of water vapour phase delays over volcanoes require direct measurements of water vapour, ideally coincident with SAR acquisitions. These include GPS measurements of water vapour (Wadge et al. 2002 (Wadge et al. , 2006 or satellite-based measurements (e.g. MODIS: Li et al. 2005; Pavez et al. 2006 ). Calculation of phase delay directly from empirical water vapour and hydrostatic pressure values requires a high spatial density (limited for ground-based instruments) and high temporal density (limited for satellite instruments) of measurements in order to provide a useful correction. A low density of measurements creates particular difficulties where the water vapour field is highly dynamic, as is the case in the tropics. Highresolution weather models have been used successfully to correct for atmospheric water vapour at Etna and over Hawaii (Webley 2004; Foster et al. 2006; Wadge et al. 2006 ) but, so far, have only been applied over limited areas, where local atmospheric physics is well understood.
In the absence of high densities of ground-based atmospheric measurements for calibration and an understanding of the dynamic weather systems around individual volcanoes, regional InSAR surveys of volcano deformation such as this are generally unsuitable for correction of atmospheric artefacts. Meteorological reanalysis data (e.g. Fournier et al. 2011; Jolivet et al. 2011) has been used to remove atmospheric contributions on a regional scale, but the low spatial resolution of weather data available makes this approach more suitable for retrieving longer wavelength interseismic deformation than the deformation of volcanoes. Empirical 526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580 atmospheric corrections from an assumed relationship with topography are particularly likely to introduce artefacts or to remove elements of any masked deformation signal. They are most appropriate where the nature of the expected deformation signal is known from other sources. Therefore, we did not attempt to remove water vapour variations from any of the Central American data.
Limitations of global DEMs and mitigation
Digital elevation models are used to correct for the change in path length associated with the satellite position between acquisitions. Errors or gaps in the DEM propagate into the interferogram, creating phase shifts (DF topo ), which are proportional to the satellite perpendicular baseline (B perp ), and inversely proportional to radar wavelength (l), incidence angle (u i ) and range of satellite from the ground (r) (e.g. Rodriguez & Martin 1992; Zebker & Villasenor 1992) :
Such topographical phase changes can be identified by examining the relationship between phase (DF) and perpendicular baseline (B perp ) for a set of interferograms, and can be the result of a change in topography since the DEM data were acquired (e.g. fresh lava flows emplaced since the DEM's acquisition: Ebmeier et al. 2012) or an error in the DEM itself (Fig. 7b, c) . For the same perpendicular baselines, topographical artefacts would be greater for C-band than L-band data but, in practice, the baselines for ALOS are generally much larger than for Envisat, and will produce greater topographical errors.
Over much of the world the only DEMs available for InSAR processing are global datasets derived from satellite data, such as NASA's Shuttle Radar Topography Mission (SRTM) 90 m DEM and the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER GDEM). The SRTM DEM (Rosen et al. 2001 ) was acquired from a single-pass InSAR instrument on an 11 day shuttle mission in February 2000. Errors in height from SRTM data are made up of uniformly distributed, small systematic errors due to shuttle motion (.2 m) and spatially variable medium to short wavelength errors, particularly over steep topography (2-10 m) (Rodriguez et al. 2006 ). These errors are larger and more common both at lower latitudes, where fewer data were collected, and over high topographical relief, where geometric (Fig. 1) as a function of the height different between volcano summit area and the average topographical height of the reference annulus. The thick solid line shows the line of best-fit, the dotted line shows the 95% confidence envelope for the gradient, and the thinner solid line in (c) and dots in (a) and (b) show the 95% confidence envelope for any individual point. decorrelation in phase (see the 'InSAR' subsection earlier in this paper) has most impact (Rodriguez et al. 2006 ). The volcanic arc in Central America falls into both of these categories, and can be expected to have errors of the order of 10 m, which correspond to path length artefacts of magnitude 0.5-2 cm for ALOS interferograms (typical baselines 500-2000 m).
The ASTER GDEM (Reuter et al. 2009 ) was constructed from Aster band-3 near-infrared imagery. DEMs are produced from the 10 year archive of stereo-pairs of ASTER images, cloud-covered areas are masked out and the DEMs are stacked; the final ASTER GDEM records the best-fit topography for the non-cloudy images. The average r.m.s. error in GDEM heights is 18 -29 m (Reuter et al. 2009 ). The largest uncertainties are expected to be in areas of frequent cloud cover where the DEM was constructed from small numbers of ASTER stereo-pairs (e.g. Pacaya: Fig. 7a, b) .
For the Central American ALOS data, we used the SRTM DEM, interpolated to a resolution of 30 m. For a few volcanoes where there were issues with the SRTM data or where we expected significant topographical change since 2000, we also compared our results to interferograms corrected using ASTER GDEM. Despite gaps in the SRTM DEM around some volcano summits (e.g. Momotombo, Nicaragua: Fig. 7c ), the interpolated version was accurate enough to allow us to process interferograms without introducing artefacts into the phase. However, the GDEM was found to introduce artefacts, presumably owing to the low number of cloud-free images (Ebmeier et al. 2012) . With enough interferograms and a large enough range of baselines, it may be possible to use Equation (3) to calculate errors in topographical height with an accuracy sufficient to correct any errors in the DEMs, although this may be limited by poor phase coherence around summit areas where most DEM errors occur.
Both SRTM and GDEM have very low spatial resolutions (90 and 30 m, respectively) compared with new X-band SAR data (3 m), such as that from TerraSAR-X (TSX). These new data will be most useful over small areas where deformation is known to be taking place and a high-resolution local DEM can be acquired.
Geometric distortion and optimal acquisition strategy
Radar satellites produce images in range and azimuth co-ordinate systems, which, owing to the effects of topography, may be distorted in comparison with ground-based co-ordinate systems (e.g. Fig. 8a -d) . Interferograms are reprojected into latitude and longitude (geocoded) using a DEM (e.g. Fig. 8c, d) . The extent of the geometric distortions depends on the radar look angle and the steepness of topography, and can cause problems for measurements at steep-sided stratovolcanoes (e.g. Atitlan, Guatemala).
Where the slope is steep, but the angles is less than the satellite look angle, the side of a volcano facing the satellite becomes foreshortened -the geocoded pixel size is smaller on the far side of volcano than the near side. For slope angles exceeding the satellite look angle, returns from the top of the slope will arrive before those at the bottom (layover: Fig. 8e ) and parts of the far side of the volcano will not produce a radar return (shadowing). At some of the steepest volcano summits in Central America we observe a layover and shadow effects (e.g. Fuego or Atitlan, Guatemala). In this case there can be no correction and data for that section of the volcano cannot be used. Foreshortening and layover will also have an effect on coherence as the radar potentially samples a much greater area of the ground, effectively increasing the pixel 'size' (see Fig. 8f ).
To ensure that there is good resolution on all parts of steep volcanic edifices, it is necessary to have images from both ascending and descending paths. Many deformation signals are isolated to only one part of a volcanic edifice. For example, Fournier et al. (2010) 's analysis of ascending data over a large proportion of Latin America did not show up asymmetrical gravity-driven deformation at Arenal, Costa Rica (Ebmeier et al. 2010) , which is only clearly observable in descending interferograms. Furthermore, since InSAR only measures displacement along the satellite line of sight, any motion perpendicular to this vector will not be detected and images from both look directions are required to determine the direction of the vector displacement.
In Central America, the majority of acquisitions made were on ascending passes due to JAXA's acquisition strategy but, for this study, we were able to produce at least one descending interferogram over almost all currently active volcanoes (see Fig. 1a, b) . For steep-sided volcanoes, acquisition strategies incorporating both ascending and descending tracks are particularly advantageous. 700  701  702  703  704  705  706  707  708  709  710  711  712  713  714  715  716  717  718  719  720  721  722  723  724  725  726  727  728  729  730  731  732  733  734  735  736  737  738  739  740  741  742  743  744  745  746  747  748  749  750  751  752  753 754
Coherence in Central America
The poor radar penetration of dense tropical vegetation using widely used SAR instruments (e.g. ERS, ASAR and ENVISAT) has been the primary factor limiting InSAR measurements in many parts of the tropics. The effect of vegetation on InSAR is dependent on wavelength, with L-band radar (l ¼ 23 cm) maintaining coherence much better than C-band radar (l ¼ 5.6 cm). The relative coherence between two interferograms showing the same part of the ground will depend on numerous factors in addition to SAR wavelength, including time spanned, perpendicular baseline, differences between surface scatterers and different rates of instrument-related decorrelation (e.g. Zebker & Villasenor 1992; Hanssen 2001) . As interferometric correlation (g) is estimated from phase values for a set of neighbouring pixels (Equation 2), pixel dimensions are also important. In addition, choices made during InSAR processing, such as spatial wavelength of filtering and degree of multilooking (reduction of spatial resolution with the aim of increasing the size of a coherent area), will also affect our estimations of correlation. Owing to the nature of the estimator used to examine interferometric correlation (Equation 2), areas that are entirely incoherent will still produce an apparent coherence value. We therefore use empirically derived 'threshold' coherence when comparing the coherence of interferograms processed to different number of looks (multilooking consists of taking a weighted average of neighbouring complex pixels: the greater the number of looks, the lower the spatial resolution) in the subsection 'SAR wavelength comparison: Arenal, Costa Rica' later.
We use the data from our arc-scale survey, outlined in Figure 1 , to examine patterns of interferometric coherence in Central America. As this is all L-band ALOS data, processed in the same manner, comparison between coherence as a function of time and spatial baseline for different areas can be made directly. Of the 26 active volcanoes in the arc, L-band data for just three (Concepción, Irazu and Turrialba) were too incoherent to make any measurement of deformation at all. Measurements are restricted at other volcanoes, however, by high rates of decorrelation, which meant that only short temporal baseline interferograms could be constructed. Making the distinction between water vapour signals and deformation often requires enough interferograms to examine the temporal development of the phase, so this hampers our analysis. It also imposes spatial limitations on our measurements. At Arenal (see the 'SAR wavelength comparison: Arenal, Costa Rica' subsection), for example, coherence is limited to the stable surfaces of young lava flows (Ebmeier et al. 2010) . This confined our measurement to a 2.5 km 2 region on the western side of the volcano, making the measurement of any longer wavelength deformation impossible. The summits of volcanoes with continuous or semi-continuous explosive activity, such as Santiaguito, Fuego, Pacaya (Guatemala) or Arenal (Costa Rica), were also consistently incoherent.
We investigate the relative importance of the contributions of geometrical and temporal decorrelation to patterns of coherence across Central America. Unlike the many analytical models for coherence used to measure (e.g. stem volume or tree heights: see, e.g., Balzter 2001; Santoro et al. 2002) , we do not aim to extract information about ecological processes from InSAR coherence but to predict where InSAR measurements at volcanoes are likely to be useful and where they are most likely to be limited by rapid decorrelation. Temporal decorrelation is generally caused by volcanic activity, slope instability or, sometimes, very rapid changes in vegetation cover (e.g. rapidly developing kill zones at Poás and Turrialba: Martini et al. 2010) close to a volcano's summit. The lower flanks of volcanoes in Central America, however, are commonly either covered by rainforest or are intensively cultivated. It is on the lower slopes and surrounding area that we expect to observe any deformation associated with deeper magmatic processes, so understanding the relationship between vegetation cover and decorrelation is useful for understanding limitations on volcano deformation measurement.
Coherence model
The mean coherence for the complete Central American ALOS data ( Fig. 9 : data sampled into 0.1º × 0.1º boxes) shows a dependence on both time span of interferogram and perpendicular baseline. After about 200 days, mean coherence has decayed exponentially to a value of about 0.18 compared to a value of 0.3 for interferograms covering the shortest possible time span (46 days). The difference between coherence in the lowest and highest baseline interval is less significant, falling from 0.26 to 0.19.
Mean coherence is not particularly useful as an indicator of whether volcanic edifices will be coherent as they make up a relatively small proportion of a scene by area, and are commonly not representative of the rest of an interferogram. Fresh, young lavas, for example, decorrelate slowly, whereas scattering properties of explosive products alter rapidly, especially when deposited on steep slopes. It is considered possible to use interferometric data where its coherence is above about 0.15, the value used as the threshold for unwrapping routines (e.g. branchcut algorithm: Goldstein et al. 1988 ).
The percentage of pixels above this threshold coherence and the mean coherence are related, but not directly proportional, as coherences are not normally distributed about the mean value ( Fig. 9c,  d) . The relationships between percentage coherence above 0.15 and time or baseline are therefore not as clear as for mean coherence, but more likely to yield information useful for our purpose of investigating volcano deformation.
We model percentage coherence above 0.15 (C ) as the product of exponential decay functions describing coherence in terms of time in years (t), perpendicular baseline separation (B perp ) and a parameter describing seasonal dependence (a). For simplicity, we neglect the effects of some instrument-dependent parameters also associated with decorrelation (rotation of satellite look angle and thermal decorrelation, as discussed by Zebker & Villasenor 1992; Hanssen 2001 ) that we expect to be smaller than the contributions of geometric and temporal decorrelation. Our choice of exponential decay functions to describe temporal and geometric decorrelation is informed by analytical expressions (e.g. temporal decorrelation: Zebker & Villasenor 1992) , and examination of the coherence -temporal baseline relationship and coherence -spatial baseline relationship for our complete dataset ( Fig. 9) :
The parameters b and t reflect the dependence of coherence on B perp and time spanned by the interferogram, respectively. We use non-linear inversion, where the difference between model predicted values and our coherence data were minimized using a least-squares method, to find the values of b, t and a that best fit the data. We checked that our results for these parameters were global, rather than local, solutions by varying the starting values for each parameter used in the least-squares method and confirming that our solutions were not affected.
The parameter a is added to the expression to allow for a seasonal difference in coherence and controls the amplitude of a cosine function with the period of a year, which moderates the shape of the exponential expressions (Fig. 10a, b ). This additional parameter was found to significantly improve the fit of our model to the coherence data (e.g. reducing the residual in fit by about 20% in northern Nicaragua, Track 166). A low a value indicates that coherence has a strong seasonal dependence.
Two examples, expressed as a function of time, are shown in Figure 10a , b. The best-fit solution for Track 172 (Fig. 10a) , in central Guatemala, shows slower decorrelation as a function of time and a lesser seasonal dependence than data from Track 166 ( Fig. 10b ) in northern Nicaragua (t ¼ 150 and a ¼ 4.9, relative to 90 and 2.3). Predicted coherence above the threshold value is calculated from our best-fit values for t, b and a for 0.1º × 0.1º boxes across Central America, and is shown plotted against actual coherence in Figure 10c . The spatial distribution of the r.m.s. misfit between predicted and measured percentage of pixels above threshold coherence is shown in Figure 10d .
The distribution of values of t, b and a across Central America is spatially noisy (Fig. 11b-d) but the temporal-dependence parameters (t and a) show some trends, which are discussed in the next subsection. b, however, takes very high values across the majority of Central America (.10 000), showing that geometric factors are largely of lesser significance than time-dependent processes. The remaining lower values of b are, typically, of the order of 1000-3000 m 21 , show no correlation with topographical height and are mostly isolated to two tracks with some particularly large baseline interferograms (tracks 165 and 162).
Coherence and land use
Our arc-scale analysis of coherence data shows that time-dependent processes, most probably associated with vegetation growth, dominate decorrelation rates (e.g. Fransson et al. 2001; Liu et al. 2001) . We might, therefore, expect the Normalized Difference Vegetation Index (NDVI) to be a useful predictor for interferometric coherence. Correlations between NDVI and coherence have been observed in data from other parts of the world (e.g. Hawaii: Rosen et al. 1996; NW China, Liu et al. 2010) , with higher NDVI values being associated with poor coherence. In Central America, however, there is no systematic relationship between NDVI and either t or a (Fig. 12b, d, e ). NDVI varies very little across Central America (although it takes slightly higher values in Costa Rica than further north) because vegetation index is similar for both rainforest and cultivated land. Comparison of NDVI with a MODIS land-cover map using International Geosphere -Biosphere Programme (IGBP) classifications shows no clear relationship between type of land cover and NDVI (Fig. 11e, f ) .
The temporal parameter t and, to some extent, our seasonal parameter a show distinct distributions for areas of different IGBP land-use classification (Fig. 12 ). For 'Evergreen broadleaf,' dominated by tropical rainforest and cloud forests in Central America, t has a left-skewed distribution with a mode interval of 50 -70 day 21 (Fig. 12a ). The less densely vegetated land, 'Cropland/vegetation' and 'Woody savanna', decorrelate less quickly (modes of 90 -110 day 21 : Fig. 12b, c) . These classifications are likely to include more developed landscapes, including agricultural areas where surface scatterers are regularly altered due to human activity (e.g. ploughing, harvesting). We attribute the high number of pixels showing very low values for t in these categories to be caused by human interference with the landscape.
Our parameter describing the seasonal dependence of coherence, a, takes an average value of 2.5 across all land-cover classifications, suggesting some seasonal trends in coherence across the whole area of study ( Fig. 12d-f ). The distribution in values is slightly more left-skewed in the 'Evergreen broadleaf' land-cover category than where vegetation was less dense, a feature we attribute to seasonal agricultural practices increasing the numbers of low values for a. Seasonal effects are smallest over high topography in Guatemala, Costa Rica and NW of Lake Managua in Nicaragua, and largest in the coastal regions of El Salvador and Nicaragua. We see a very small range of values for a in areas dominated by rainforest ('Evergreen broadleaf' : Fig. 12d ), and much greater seasonal variation where land-use category suggests some degree of cultivation (Fig. 12e, f ) .
We use the IGBP land-use classifications to make coarse predictions of decorrelation rate for different land types. On average, we expect rainforest environments to decorrelate faster than cropland (Fig. 13) , with the largest differences between the two environments in the shortest possible interferograms (46 and 92 days for ALOS). However, this simple approach will not capture the detailed spatial patterns of coherence seen in Figure 11a . The IBGP classifications 'Cropland/vegetation mosaic' and 'Woody savanna', in particular, deviate from a normal or skewed normal distribution of the temporal decorrelation parameter, t (Fig. 12b, c) . There are significant parts of Central America where these environments decorrelate much more quickly than the average, as shown by the peaks at low values for t in Figure 12b , c.
SAR wavelength comparison: Arenal, Costa Rica
Data from four different satellite instruments (ERS, RadarSat, ALOS and TSX: see Table 2 ) were used to make measurements at Arenal Volcano, Costa Rica, which is known to be deforming (Ebmeier et al. 2010) . To make a meaningful comparison of coherence between these different platforms we use the average value for a section of the interferogram over Lake Arenal as a 'threshold' value for interferometric correlation. As reflected and backscattered radiation from the lake surface will be completely incoherent, any value below this threshold shows that data are unusable. The actual value of this threshold will depend on a combination of the factors listed above (see the 'InSAR' and 'Coherence model' subsections), but the percentage of pixels above threshold coherence will show the proportion of data that may yield useful interferometric deformation measurements. The percentage of pixels above the given threshold value are shown in Figure 14 , and are plotted with respect to temporal and spatial baseline in Figure 15 .
Phase correlation in the area around Arenal is among the lowest in Central America, with high phase correlation exclusively over the young lava around the volcano in the majority of interferograms. As expected, owing to its longer wavelength, L-band data produce the greatest proportion of pixels over the coherence threshold, followed by the TSX interferogram, which has a smaller pixel size. All of the TSX interferograms constructed showed significantly better coherence than ERS or RadarSat interferograms of equivalent temporal length. The proportion of pixels above threshold coherence were generally slightly higher in the RadarSat than in the few ERS interferograms, and this is probably due to shorter perpendicular baselines ( Fig. 15b) .
Although L-band data produce the greatest proportion of coherent pixels, over extremely stable surfaces such as lava flows we find that RadarSat data maintain coherence for up to 600 days (Fig.  15a) , illustrating that C-band data are useful for measuring the deformation of small, stable areas. To date, only L-band data have been demonstrated to be suitable for surveying arcs as a whole in the tropics (e.g. Philibosian & Simons 2011) . Highresolution, short-repeat-time X-band InSAR data may prove useful for individual volcanoes but is currently prohibitively expensive for large-scale mapping. The upcoming European Space Agency instrument, Sentinel (Table 2) , will be C-band but have a higher spatial resolution and shorter repeat time than ERS and RadarSat. We therefore expect these new data to be much more useful than earlier C-band instruments, although it seems unlikely that it will be as suitable for regional-scale surveys in the way that the ALOS L-band data are. These results agree with expectations (e.g. Rosen et al. 1996) , but this is the first time that coherence has been quantified for such a large dataset.
Summary
Our analysis of data from Central America demonstrates factors that determine the usefulness of InSAR at volcanoes both within the tropics and worldwide. In summary, water vapour artefacts and poor coherence are the greatest challenges to making successful InSAR measurements at volcanoes. This means that the characteristics of volcanoes worldwide that inhibit measurement of deformation with InSAR include: (1) vegetation cover that leaves little of the ground exposed (e.g. rainforest); (2) persistent activity changing surface scatterer properties; (3) steep slopes; and (4) large contrasts in topography. Thus, young stratovolcanoes present particularly difficult targets for measurement with InSAR. Recent activity can, however, present some advantages for InSAR as young lavas present more stable scattering surfaces for InSAR than older, densely vegetated slopes. Steep slopes at many volcanoes also make acquisition and analysis strategy (i.e. including both ascending and descending tracks) more important than in other geographical settings. Two of the most important limiting factors for measuring volcano deformation with InSARwater vapour artefacts and vegetation-related loss of coherence -are particularly significant in the tropics. Root mean squared variations in path delay due to stratified water vapour changes reached as much as 6.4, 5.3 and 4.8 cm at Santa Ana, Pacaya and Fuego, respectively (Fig. 6) . For our data, this variability in path delay over a volcano is proportional to the difference between edifice height and the surrounding topography (gradient of 2 cm/km height). Although the presence of water vapour artefacts does not prevent InSAR phase measurements from being made, it may mask deformation signals, complicating interpretation at volcanoes with high relief. Furthermore, very steep slopes can lead to layover and foreshortening in the radar geometry (Fig. 8) . One satellite look angle is not necessarily sufficient to be sure of detecting deformation.
In Central America, the lower slopes of most volcanoes as well as the surrounding areas are vegetated to some extent. The degree to which this affects InSAR measurement depends on the type and density of vegetation, and has implications for the measurement of deeper magmatic movement. In general, decorrelation rates are greater in the southern arc than in the north, although there is considerable variability (Fig. 11a) . Although there is no relationship with NDVI, coherence shows some consistent variation with land-use type, such that decorrelation rates are higher and standard deviation lower for tropical rainforest than for cultivated land (Fig. 12) .
Our comparison of L-, C-and X-band results in one of the least coherent parts of Central America demonstrates the importance of having L-band data for measuring volcano deformation in the tropics (Figs 14 & 15 ). The application of C-band data of varying spatial resolutions is limited to small, stable areas. X-band radar shows potential for penetrating vegetation to allow measurements over a larger spatial area, but only over short (,100 day) time periods, and where it is possible to obtain a high-resolution DEM. We expect Sentinel data to perform better than ERS or RadarSat data due both to its shorter proposed repeat time and its higher spatial resolution. It is unlikely, however, to allow measurements over regions as large as for L-band data in tropical areas.
